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Background 

A. Technical Field 

[0003] The present invention relates generally to power control within an optical 
network, and more particularly, to power detection on a semiconductor optical amplifier, and in 
response, adjustment of a power saturation level on the semiconductor optical amplifier. 

B. Background of the Invention 

[0004] Service providers are experiencing an ever-increasing demand for 

bandwidth fueled by Internet access, voice, data, and video transmissions and this demand for 
bandwidth will likely continue to grow. Due to this demand, network capacities are being 
stretched to their limit. As a result, there has been an increasing effort to lay fiber in order to 
expand the capacity of existing networks and build new higher capacity networks. 
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[0005] Optical amplifiers, which boost the power of optical signals within these 
networks, are a basic building block for many types of optical systems. Fiber optic 
communications systems typically require the use of optical amplifiers in order to properly carry 
optical information within a network. A typical communications system includes a transmitter 
connected to a receiver via fiber. The transmitter incorporates information into an optical signal 
and transmits the optical signal via the optical fiber to the receiver. The receiver recovers the 
original information from the received optical signal. In these systems, phenomena such as fiber 
losses, losses due to insertion of components in the transmission path, and splitting of the optical 
signal may attenuate the optical signal and degrade the corresponding signal-to-noise ratio as the 
optical signal propagates through the communications system. Optical amplifiers are used to 
compensate for these attenuations and degradations by amplifying the optimal signal to an 
appropriate power level. Moreover, receivers typically operate properly only within a narrow 
range of optical signal power levels; and optical amplifiers are used to boost an optical signal to 
the proper power range for the receiver. 

[0006] Networks may place different power output requirements on optical 
amplifiers. For example, an OC-192 network having 48 channels requires a higher amplifier 
power output than an OC-3 network containing 12 channels. This difference is caused by the 
increased rate of the OC-192 network and the larger number of channels within the network. In 
the new switched metro WDM links with Gb/s data channels, it is important that optical 
amplifiers within the network do not saturate. Saturation occurs when an optical amplifier is 
unable to sufficiently amplify an optical signal to a desired power level that is above the 
amplifier's power saturation level. This power saturation level defines an output power ceiling 
above which the optical amplifier does not operate properly. 
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[0007] The power saturation level of a semiconductor optical amplifier (SOA) is 
defined by a number of factors including the characteristics of the active region operating within 
the SOA and the rate at which the active region is pumped. Saturation occurs when an active 
region within an SOA is unable to effectively amplify at least one channel within the optical 
signal. This failure is caused by insufficient power within the active region to amplify each 
channel to a proper power level resulting in one or more channels not being properly amplified. 
This phenomenon is called crosstalk and may degrade a signal, or a channel within the signal, to 
the point of not being readable at a receiver within the network. Channel crosstalk is an 
important consideration that needs to be addressed when optical networks are designed or scaled. 

[0008] In order to effectively scale existing optical networks, a service provider 
should be able to control power levels on signals traveling across a network. As the number of 
channels expands and/or the data rate increases within a network, the power output requirement 
of the amplifiers within the network will also likely increase. This increase is caused by the fact 
that the required gain applied to each channel remains constant while the number of channels 
within the optical signal increases. Accordingly, network managers typically address this issue 
in a number of different ways when a network is scaled. First, a network manager may replace 
some or all of the amplifiers within amplifiers having higher output power. Second, a network 
manager may insert additional amplifiers within the network. Third, a network manager may 
increase the output power of existing amplifiers within the network. 

[0009] SOAs allow network managers to adjust output power because they 
typically may have a tunable pump source. As previously mentioned, in practice, the output 
power of an SOA depends, at least in part, on the rate at which the active region is pumped. 
Accordingly, network managers may increase an SOA power output by increasing the current 
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pumping the active region. However, this process is currently time consuming and inaccurate 
because of the lack of real time data regarding power output on each of the optical amplifiers. 

[0010] Power monitoring traditionally required that an optical signal be tapped in 
order to determine a power level. One such tapping method is the use of a power coupler 
positioned within a piece of fiber. This tapping process reduces the power level on the optical 
signal and adds more fiber components, cost, and space to increasingly complex fiber systems. 
Accordingly, data regarding specific power levels on each optical amplifier is generated at a 
power expense to the optical signal and may not be as exact as a network manager may desire. 
As a result, optical network designers generally try to minimize the number of taps within a 



io network. 



|* [0011] Accordingly, there is a need for a system and method that monitors and 

m • 

Ml controls an optical amplifier output power level by adjusting the rate at which the optical 

£3 amplifier is pumped. Additionally, there is a further need for this system to avoid tapping an 

W . 

p optical signal while monitoring and controlling the optical amplifier in order to reduce power 

Ills loss to the optical signal. 

Summary of the Invention 

[0012] The present invention overcomes the deficiencies and limitations of the prior 
art by providing an optical amplifier with an output power monitor and control system. In 
particular, the present invention provides an optical power detection system that avoids the use 
20 of power couplers or taps by detecting a ballast laser signal emitted from a lasing semiconductor 
optical amplifier (SOA). The lasing SOA emits the ballast laser signal in response to the 
amplification of the optical signal. Examples of lasing SOAs include vertical lasing SOAs, 
horizontal lasing SOAs, and longitudinal lasing SOAs. The invention comprises an optical 
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detector that converts the ballast laser signal to an electrical signal, a power monitor device that 
identifies the output power on the lasing SOA, and a tunable pump that pumps an active region 
within the lasing SOA. 

[0013] An optical signal propagates through an amplification path within the lasing 
SOA causing the signal to be amplified. A laser cavity within the amplification path contains a 
semiconductor gain medium that is pumped above a lasing threshold for the laser cavity. As a 
result, lasing occurs producing laser radiation within the laser cavity. This laser radiation 
operates as a ballast to prevent gain saturation within the laser cavity during the amplification of 
the optical signal. As a result, the gain within the laser cavity is clamped causing the laser 
Uo radiation to be emitted as a ballast laser signal. 

45 [0014] This ballast laser signal corresponds to the strength of the optical signal within 

P the laser cavity because the laser cavity gain is clamped. The present invention utilizes this 

relation to determine a power level of an optical signal as it propagates through a lasing SOA. In 
SS one embodiment of the invention, a detector is positioned proximate a surface on the lasing SOA 
pis that emits this ballast laser signal. For example, a detector may be integrated on the ballast laser 
emitting surface near the output of the lasing SOA. This detector converts the ballast laser light 
near the output to an electrical signal from which the output power may be determined. 

[0015] A power monitor receives the electrical signal and identifies if the lasing SOA 
is approaching or has exceeded a power saturation level corresponding to the lasing SOA. If the 
20 power monitor determines that the lasing SOA is approaching or is currently saturated, then a 
pump source, coupled to the power monitor, is signaled. The pump source controls the rate at 
which the active region within the lasing SOA is pumped. In response to this signal from the 
power monitor, the pump source increases or decreases its pumping rate. This change in the 
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pumping rate either raises or lowers the power saturation level of the lasing SOA, thereby, 
reducing the danger of saturating the lasing SOA. Thus, the power saturation level is 
dynamically increased when the lasing SOA output power approaches the power saturation level 
or may be decreased if the lasing SOA is not in any danger of saturating. In contrast to non- 
lasing SOAs, the saturation power level of the lasing SOA is directly affected and proportional to 
the pump current level. 

[0016] The power monitor may also be used to control other optical amplifiers within 
a network such as a pair of SOAs coupled in series. For example, a power monitor may increase 
a pumping rate on a second lasing SOA in response to the above described power detection of a 
first lasing SOA. Accordingly, optical signal power levels may be detected on a first lasing SOA 
and, in response; a power saturation level may be adjusted on a second lasing SOA. 
Additionally, this power monitor and control may be centralized within a single unit that 
addresses multiple lasing SOAs within a network. This centralization allows for easier network 
management and control because the power saturation levels of many lasing SOAs may be 
adjusted at a single location. 

Brief Description of the Drawings 

[0017] Fig. 1 is an illustration of a prior art Erbium doped fiber amplifier. 

[0018] Fig. 2 is an illustration of a prior art semiconductor optical amplifier. 

[0019] Fig. 3 is an illustration of a lasing semiconductor optical amplifier according 
to the present invention. 

[0020] Fig. 4 is a flowchart showing the operation of a lasing semiconductor optical 
amplifier. 
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[0021] Fig. 5 A is a perspective view of an embodiment of a vertical lasing 
semiconductor optical amplifier (VLSOA) according to the present invention. 

[0022] Fig. 5B is a detailed transverse cross-sectional view of an embodiment of a 
VLSOA according to the present invention. 

[0023] Fig. 5C is a longitudinal cross-sectional view of an embodiment of a 
VLSOA according to the present invention. 

[0024] Fig. 6 is an illustration of an embodiment of a VLSOA output power 
monitor and control according to the present invention. 

[0025] Fig. 7 is an illustration of another embodiment of VLSOA output power 
monitor and control according to the present invention. 

[0026] Fig. 8 is an illustration of a centralized output power monitor and control 
attached to multiple VLSOAs according to the present invention. 

[0027] Fig. 9 is a flowchart illustrating a VLSOA output power monitor and control 
method according to the present invention. 

[0028] The figures depict an embodiment of the present invention for purposes of 
illustration only. One skilled in the art will recognize from the following discussion that 
alternative embodiments of the structures and methods illustrated herein may be employed 
without departing from the principles of the invention described herein. 
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Detailed Description of the Embodiments 

[0029] In the following description, for purposes of explanation, numerous specific 



details are set forth in order to provide a thorough understanding of the invention. It will be 



apparent, however, to one skilled in the art that the invention can be practiced without these 
5 specific details. In other instances, structures and devices are shown in block diagram form in 



order to avoid obscuring the invention. 



[0030] Reference in the specification to "one embodiment" or "an embodiment" 
means that a particular feature, structure, or characteristic described in connection with the 
Q embodiment is included in at least one embodiment of the invention. The appearances of the 
mo phrase "in one embodiment" in various places in the specification are not necessarily all referring 

m 

*C to the same embodiment. 

m 



Jj^ A. Optical Amplifiers 

z is 

O a) Fiber Amplifier 

m 

% [0031] FIG. 1 is a block diagram of an erbium doped fiber amplifier (EDFA) 100. 

m 

**15 The EDFA 1 00 typically includes about 20 meters of erbium-doped fiber 102 inserted into the 



fiber optics. A pump laser 104 provides light to excite the ions in the erbium-doped fiber 102, 



and a wavelength coupler 106 couples the light from the pump laser 104 to the fiber optics 101. 



The doped fiber 102 is pumped so that electrons within the dopant are excited into higher energy 



orbitals. The pump typically is an optical source whose wavelength is preferentially absorbed by 



20 the ions and yet different from the optical signal to be amplified. The optical signal is input from 



un-doped fiber to the doped fiber, experiences gain due to stimulated emission of photons by 



electrons falling from higher energy orbitals as the optical signal passes through the doped fiber, 



and then is output in amplified form from the doped fiber to further un-doped fiber. 
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[0032] Fiber amplifiers are limited in the environment in which they may be used. 
For example, fiber amplifiers can only amplify a narrow range of wavelengths that they can 
amplify, thereby requiring fiber amplifiers to be cascaded when wider wavelength bands are 
amplified. Additionally, fiber amplifiers have a transient response to channel drop-out in 
5 wavelength division multiplexing systems. Finally, fiber amplifiers are relatively large, unable 
to provide high switching speeds, consume a large amount of power, difficult to mass produce, 
and costly. 

b) Semiconductor Optical Amplifier 

|3 [0033] FIG. 2 is ablock diagram of a conventional semiconductor optical amplifier 

.S3 

fjzo (SOA) 200. The conventional SOA 200 comprises a semiconductor part 201 having an active 

fil 

region 202 and passive regions 204. The active region 202 comprises a semiconductor gain 
medium that amplifies an optical signal as it passes through the SOA 200. The passive regions 
204 comprise wide band-gap semiconductor cladding regions that restrict the optical signal to the 

p higher index of refraction active region 202. The edges of the semiconductor part 201 have 

m- 

UM5 antireflection coatings 208 that ensure the semiconductor part 201 operates below a lasing 

threshold. The SOA 200 is coupled to fiber optics by lenses 210 designed to direct light into the 
semiconductor part 201 . 

[0034] Like fiber amplifiers, conventional SOAs are limited in the environment in 
which they may be used. For example, conventional SOA 200 have problems with gain 
20 variation and crosstalk induced by the input signal. Avoiding crosstalk is especially important 
for wavelength division multiplexing (WDM) applications, but it is also important due to 
intersymbol interference in time-division multiplexing (TDM) applications and due to harmonic 
distortion in radio frequency (RF) applications. In addition, carrier lifetime in the conventional 
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SOA 200 is limited to on the order of 1 nanosecond which gives rise to significant TDM 
crosstalk near 1GHz and higher, and significant WDM crosstalk up to 1 GHz and higher (note 
that stimulated emission may speed up the reaction time of the gain medium). However, data 
rates on the order of magnitude of 1 GHz and higher are becoming very significant for current 
and future optical communications. 

c) Vertical Lasing Semiconductor Optical Amplifier 
[0035] FIG. 3 is a diagram of a vertical lasing semiconductor optical amplifier 

(VLSOA) 300 in accordance with the present invention. The VLSOA 300 has an input 312 and 

an output 314. The VLSOA 300 further includes a semiconductor gain medium 320, with an 

amplifying path 330 coupled between the input 3 12 and the output 3 14 of the VLSOA 300 and 

traveling through the semiconductor gain medium 320. The VLSOA 300 further includes a laser 

cavity 340 including the semiconductor gain medium 320, and a pump input 350 coupled to the 

semiconductor gain medium 320. The laser cavity 340 is oriented vertically with respect to the 

amplifying path 330. The pump input 350 is for receiving a pump to pump the semiconductor 

gain medium 320 above a lasing threshold for the laser cavity 340. 

[0036] FIG. 4 is a flow diagram illustrating operation of VLSOA 300 when it is used 

as an amplifier. The VLSOA 300 receives 410 an optical signal at its input 312. The optical 

signal propagates 420 along the amplifying path 330. The pump received at pump input 350 

pumps 430 the semiconductor gain medium above a lasing threshold for the laser cavity 340. 

When lasing occurs, the round-trip gain offsets the round-trip losses for the laser cavity 340. In 

other words, the gain of the semiconductor gain medium 320 is clamped to the gain value 

necessary to offset the round-trip losses. The optical signal is amplified 440 according to this 
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gain value as it propagates along the amplifying path 330 (i.e., through the semiconductor gain 
medium 320). The amplified signal exits the VLSOA 300 via the output 3 14. 

[0037] Note that the gain experienced by the optical signal as it propagates through 
the VLSOA 300 is determined in part by the gain value of the semiconductor gain medium 320 
(it is also determined, for example, by the length of the amplifying path 330) and this gain value, 
in turn, is determined primarily by the lasing threshold for the laser cavity 340. In particular, the 
gain experienced by the optical signal as it propagates through each VLSOA 300 is substantially 
independent of the amplitude of the optical signal. This is in direct contrast to the situation with 
non-lasing SOAs and overcomes the distortion and cross-talk disadvantages typical of non-lasing 
SOAs. 

[0038] FIGS. 5A-5C are a perspective view, transverse cross-section, and 
longitudinal cross-section, respectively, of an embodiment of a VLSOA 500 according to the 
present invention, with FIG. 5B showing the most detail. 

[0039] Referring to FIG. 5B and working from bottom to top in the vertical direction 
(i.e., working away from the substrate 502), VLSOA 500 includes a bottom mirror 508, bottom 
cladding layer 505, active region 504, top cladding layer 507, confinement layer 519, and a top 
mirror 506. The bottom cladding layer 505, active region 504, top cladding layer 507, and 
confinement layer 5 19 are in electrical contact with each other and may be in direct physical 
contact as well. An optional delta doping layer 518 is located between the top cladding layer 507 
and confinement layer 519. The confinement layer 519 includes a confinement structure 509, 
which forms aperture 515. The VLSOA 500 also includes an electrical contact 510 located 
above the confinement structure 509, and a second electrical contact 511 formed on the bottom 
side of substrate 502. 
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[0040] Comparing to FIG. 3, the semiconductor gain medium 320 includes the active 
region 504 and the laser cavity 340 is formed primarily by the two mirrors 506 and 508 and the 
active region 504. This embodiment is electrically pumped so the pump input 350 includes the 
electrical contacts 5 1 0,5 1 1 . 

[0041] VLSOA 500 is a vertical lasing semiconductor optical amplifier since the 
laser cavity 540 is a vertical laser cavity. That is, it is oriented vertically with respect to the 
amplifying path 530 and substrate 502. The VLSOA 500 preferably is long in the longitudinal 
direction, allowing for a long amplifying path 530 and, therefore, more amplification. The entire 
VLSOA 500 is an integral structure formed on a single substrate 502 and may be integrated with 
other optical elements. In most cases, optical elements which are coupled directly to VLSOA 
500 will be coupled to the amplifying path 530 within the VLSOA. Depending on the manner of 
integration, the optical input 512 and output 514 may not exist as a distinct structure or facet but 
may simply be the boundary between the VLSOA 500 and other optical elements. Furthermore, 
although this disclosure discusses the VLSOA 500 primarily as a single device, the teachings 
herein apply equally to arrays of devices. 

[0042] VLSOA 500 extends primarily in the vertical direction, allowing the VLSOA 
500 to be fabricated using standard semiconductor fabrication techniques, preferably including 
organo-metallic vapor phase epitaxy (OMVPE) or organometallic chemical vapor deposition 
(OMCVD). Other common fabrication techniques include molecular beam epitaxy (MBE), 
liquid phase epitaxy (LPE), photolithography, e-beam evaporation, sputter deposition, wet and 
dry etching, wafer bonding, ion implantation, wet oxidation, and rapid thermal annealing, among 
others. 
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[0043] In more detail, in this embodiment, the substrate 502 is n-doped InP (n-InP), 
the bottom cladding layer 505 is n-InP, the top cladding layer 507 is p-doped InP (p-InP), and the 
confinement layer 519 is p-GaAs/AlGaAs. The switch from p-fciP in top cladding layer 507 to 
p-GaAs in confinement layer 519 facilitates the construction of features such as the confinement 
structure 509 and top mirror 506. GaAs, however, is not lattice-matched to InP, resulting in 
unwanted electrical effects. The delta doping layer 518, which in this embodiment is a p-type 
Beryllium (p-Be) doping, counteracts these unwanted electrical effects. 

[0044] The optical signal amplified by the VLSOA 500 is confined in the vertical 
direction by index differences between bottom cladding 505, active region 504, and top cladding 
507, and to a lesser extent by index differences between the substrate 502, bottom mirror 508, 
confinement layer 519, and top mirror 506. Specifically, active region 504 has the higher index 
and therefore acts as a waveguide core with respect to cladding layers 505,507. The optical 
signal is confined in the transverse direction by index differences between the confinement 
structure 509 and the resulting aperture 515. Specifically, aperture 515 has a higher index of 
refraction than confinement structure 509. As a result, the mode of the optical signal to be 
amplified is generally concentrated in dashed region 521. The amplifying path 530 is through 
the active region 504 in the direction in/out of the plane of the paper with respect to FIG. 5B. 

[0045] The active region 504 in embodiment 500 includes a double heterostructure 
(DH) of p-InAlAs/I-InAlGaAs/n-InAlAs. In other embodiments, the active region 504 may 
comprise a multiple quantum well (MQW) active region. MQW structures include several 
quantum wells and quantum wells have the advantage of enabling the formation of lasers with 
relatively low threshold currents. Both double heterostructures and quantum wells may be 
fabricated using various materials systems, including for example InAlGaAs on InP substrates, 
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InGaAsP on MP, GalnNAs on GaAs, InGaAs on ternary substrates, and GaAsSb on GaAs. An 
embodiment uses InAlGaAs grown on an InP substrate. GaAs, InGaAs, or InAlGaAs on GaAs; 
or nitride material systems may also be suitable. Alternatively, the active region 504 may 
comprise a single quantum well 
5 [0046] The choice of materials system will depend in part on the wavelength of the 

optical signal to be amplified, which in turn will depend on the application. Wavelengths in the 
approximately 1.3-1.6 micron region are currently preferred for telecommunications 
applications, due to the spectral properties of optical fibers. The approximately 1.28-1.35 micron 

M 5 region is currently also preferred for data communications over single mode fiber, with the 

pi 

approximately 0.8-1 . 1 micron region being an alternate wavelength region. The term "optical" is 
l % meant to include all of these wavelength regions. In an embodiment, the VLSOA 500 is 

P 

m optimized for the 1 .55 micron window. 

P [0047] In one embodiment, the active region 504 includes a multiple quantum well 

C3 (MQW) active region. MQW structures include several quantum wells and quantum wells have 

P ; 

ft 5 the advantage of enabling the formation of lasers with relatively low threshold currents. In 

(U 

alternate embodiments, the active region 504 may instead be based on a single quantum well or a 
double-heterostructure active region. The active region 504 may be based on various materials 
systems, including for example InAlGaAs on InP substrates, InAlGaAs on GaAs, InGaAsP on 
InP, GalnNAs on GaAs, InGaAs on ternary substrates, and GaAsSb on GaAs. Nitride material 
20 systems are also suitable. The materials for bottom and top cladding layers 505 and 507 will 
depend in part on the composition of active region 504. 

[0048] Examples of top and bottom mirrors 506 and 508 include Bragg reflectors and 
non-Bragg reflectors such as metallic mirrors. Bottom mirror 508 in FIG. 5 is shown as a Bragg 
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reflector. Top mirror 506 is depicted as a hybrid mirror, consisting of a Bragg reflector 517 
followed by a metallic mirror 513. Bragg reflectors may be fabricated using various materials 
systems, including for example, alternating layers of GaAs and AlAs, SiC>2 and Ti0 2 , InAlGaAs 
and InAlAs, InGaAsP and MP, AlGaAsSb and AlAsSb or GaAs and AlGaAs. Gold is one 
material suitable for metallic mirrors. The electrical contacts 510 and 51 1 are metals that form 
an ohmic contact with the semiconductor material. Commonly used metals include titanium, 
platinum, nickel, germanium, gold, palladium, and aluminum. In this embodiment, the laser 
cavity is electrically pumped by injecting a pump current via the electrical contacts 510 and 511 
into the active region 504. In particular, contact 510 is a p-type contact to inject holes into active 
region 504, and contact 51 1 is an n-type contact to inject electrons into active region 504. 
Contact 510 is located above the semiconductor structure (i.e., above confinement layer 519 and 
the semiconductor part of Bragg reflector 517, if any) and below the dielectric part of Bragg 
reflector 517, if any. For simplicity, in FIG. 5, contact 510 is shown located between the 
confinement layer 519 and Bragg reflector 517, which would be the case if Bragg reflector 517 
were entirely dielectric. VLSOA 500 may have a number of isolated electrical contacts 510 to 
allow for independent pumping within the amplifier. This is advantageous because VLSOA 500 
is long in the longitudinal direction and independent pumping allows, for example, different 
voltages to be maintained at different points along the VLSOA. Alternately, the contacts 510 
may be doped to have a finite resistance or may be separated by finite resistances, rather than 
electrically isolated. 

[0049] Confinement structure 509 is formed by wet oxidizing the confinement layer 
519. The confinement structure 509 has a lower index of refraction than aperture 515. Hence, 
the effective cross-sectional size of laser cavity 540 is determined in part by aperture 515. In 
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other words, the confinement structure 509 provides lateral confinement of the optical mode of 
laser cavity 540. In this embodiment, the confinement structure 509 also has a lower 
conductivity than aperture 515. Thus, pump current injected through electrical contact 510 will 
be channeled through aperture 515, increasing the spatial overlap with optical signal 521. In 
5 other words, the confinement structure 509 also provides electrical confinement of the pump 
current. 

[0050] The integration of VLSOAs with other optical elements may be implemented 
using any number of techniques. In one approach, both the VLSOA and the other optical 
fc* element are formed using a common fabrication process on a common substrate, but with at least 

o 

one parameter varying between the VLSOA and the optical element. For example, selective area 

p 

jj epitaxy (SAE) and impurity induced disordering (IE)) are two fabrication processes which may 

m 

Mi be used in this manner. 

* 

P [0051] In one approach based on SAE, a nitride or oxide SAE mask is placed over 

w 

C3 selected areas of the substrate. Material is deposited on the masked substrate. The SAE mask 

fifi- 

jf 5 results in a difference between the transition energy (e.g., the bandgap energy) of the material 
deposited on a first unmasked area of the substrate and the transition energy of the material 
deposited on a second unmasked area of the substrate. For example, the material deposited on 
the first unmasked area might form part of the active region of the VLSOA and the material 
deposited on the second unmasked area might form part of the core of a waveguide, with the 
20 difference in transition energy accounting for the different optical properties of the active region 
and the transparent core. SAE is particularly advantageous because it results in a smooth 
interface between optical elements and therefore reduces optical scattering at this interface, 
This, in turn, reduces both parasitic lasing modes and gain ripple. Furthermore, the SAE 
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approach can be confined to only the minimum number of layers necessary (e.g., only the active 
region), thus minimizing the impact on the rest of the integrated optical device. 

[0052] hi a different approach based on IID, an HD mask is placed over selected 
areas of the substrate. The masked substrate is bombarded with impurities, such as silicon or 
zinc, and subsequently annealed to cause disordering and intermixing of the materials in the 
bombarded region. The IID mask results in a difference between the transition energy of the 
material underlying a masked area of the substrate and the transition energy of the material 
underlying an unmasked area of the substrate. Continuing the previous example, the masked 
area might form part of the VLSOA active region and the unmasked area might form part of the 
core of a waveguide, with the difference in transition energy again accounting for the different 
optical properties. 

[0053] In the previous SAE and IID examples, the difference in transition energy 
results in different optical properties between the VLSOA active region and a waveguide. 
Engineering the transition energy may also be used to fabricate many other types of integrated 
optical devices. For example, changing the transition energy between two VLSOAs can be used 
to optimize each VLSOA for a different wavelength region, In this way, the transition energy in 
a VLSOA could be graded in a controlled way to broaden, flatten, and shape the gain profile. 
Alternately, two different elements, such as a VLSOA and a laser source might require different 
transition energies for optimal performance. Other embodiments will be apparent. 

[0054] In a different approach, the VLSOA and the optical element are formed on a 
common substrate but using different fabrication processes. In one example, a VLSOA is 
formed on the common substrate in part by depositing a first set of materials on the substrate. 
Next, the deposited material is removed from selected areas of the substrate, for example by an 
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etching process. A second set of materials is deposited in the selected areas to form in part the 
optical element. Etch and fill is one process which follows this approach. Continuing the 
VLSOA and waveguide example from above, materials are deposited to form the VLSOA (or at 
least a portion of the VLSOA). In the areas where the waveguide is to be located, these materials 
are removed and additional materials are deposited to form the waveguide (or at least a portion 
of it). 

[0055] In yet another approach, the VLSOA and the optical element are formed on 
separate substrates by separate fabrication processes and then integrated onto a common 
substrate. Planar lightwave circuitry and silicon optical bench are two examples of processes 
following this approach. In one example, the VLSOA is formed on a first substrate. The optical 
element is formed on a second substrate. The VLSOA and the optical element are then 
integrated onto a common substrate, which could be the first substrate, the second substrate or a 
completely different substrate. 

[0056] In an embodiment, the bottom mirror 508 is a Bragg reflector formed by either 
alternating layers of InAlGaAs and InAlAs, alternating layers of InGaAsP and InP, alternating 
layers of GaAs and AlGaAs, or alternating layers of AlGaAsSb and AlAsSb. Top mirror 506 is 
a hybrid mirror, which combines a number of layers of a Bragg reflector 517 (specifically, 
alternating layers of GaAs and AlGaAs, and/or alternating layers of Si and Si0 2 ) followed by a 
metallic mirror 513 (specifically, gold). The mirrors 506 and 508 may comprise other types of 
Bragg reflectors or other types of non-Bragg mirrors. They typically will have reflectivies in the 
range of approximately 95-100%. Bragg reflectors are formed by periodic variations of the 
index of refraction of a medium and can be highly reflective. For example, the Bragg reflector 
may comprise alternating layers of thicknesses di and d 2 and refractive indices ni and n 2 such 
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that nidi + 112CI2 = X/2, where X is the wavelength to be reflected. The reflectivity R = {[1 - 
(m/n 2 ) 2N ]/(l + (n,/n 2 ) 2N ]} 2 , where N is the number of periods (pairs) in the Bragg reflector. 
Reflectivities as high as 99% or more may be achieved. In addition to the ones described above, 
Bragg reflectors may be fabricated using various materials systems, such as, for example, 
alternating layers of GaAs and AlAs, or alternating layers of Si02 and TiC>2. 

[0057] The electrical contacts 5 1 0, 5 1 1 are metals that form an ohmic contact with 
the semiconductor material. Commonly used metals include titanium, platinum, nickel, 
germanium, gold, palladium, and aluminum. In this embodiment, the laser cavity is electrically 
pumped by injecting a pump current via the electrical contacts 510, 51 1 into the active region 
Wo 504. In particular, contact 510 is a p-type contact to inject holes into active region 504, and 

contact 51 1 is an n-type contact to inject electrons into active region 504. Contact 510 is located 
above the semiconductor structure (i.e., above confinement layer 519 and the semiconductor part 
q of Bragg reflector 5 1 7, if any) and below the dielectric part of Bragg reflector 5 1 7, if any. For 

CI simplicity, in FIG. 5, contact 5 10 is shown located between the confinement layer 519 and Bragg 

P. 

Os reflector 517, which would be the case if Bragg reflector 517 were entirely dielectric. VLSOA 
500 may have a number of isolated electrical contacts 5 10 to allow for independent pumping 
within the amplifier 500. This is advantageous because VLSOA 500 is long in the longitudinal 
direction and independent pumping allows, for example, different voltages to be maintained at 
different points along the VLSOA 500. Alternately, the contacts 510 may be doped to have a 
20 finite resistance or may be separated by finite resistances, rather than electrically isolated. 

[0058] Confinement structure 509 is formed by wet oxidizing the confinement layer 
519, which consists of GaAs and AlGaAs. The resulting confinement structure 509 is aluminum 
oxide and the aperture 51 5 is the unaltered AlGaAs. The confinement structure 509 has a lower 
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index of refraction than aperture 515. Hence, the effective cross-sectional size of laser cavity 
540 is determined in part by aperture 5 15. In other words, the confinement structure 509 
provides lateral confinement of the optical mode of laser cavity 540. In this embodiment, the 
confinement structure 509 also has a lower conductivity than aperture 515. Thus, pump current 
5 injected through electrical contact 510 will be channeled through aperture 515, increasing the 
spatial overlap with optical signal 521. In other words, the confinement structure 509 also 
provides electrical confinement of the pump current. 

[0059] When used as an amplifier, VLSOA 500 operates as follows. Pump current is 
J?* injected through contacts 5 1 0, 5 1 1 , or, more precisely, holes are injected through contact 510 and 
fijo electrons through contact 511. These holes and electrons flow to the active region 504, where 
1 Jj they increase the carrier density in the active region 504. That is, the pump current is used to 
|| pump 430 the active region 504. The pump current is laterally confined by aperture 515 and 
p confinement structure 509. The pump current is sufficiently high to exceed a lasing threshold for 
Q vertical cavity 540. As a result, laser radiation is generated by the vertical cavity 540. This laser 

m 

Cl5 radiation may be emitted from the vertical cavity, for example, through the top surface 520 or 

III 

into the substrate 502 or it may be generated but not actually emitted from the VLSOA 500. The 
laser radiation may lie in the visible, infrared, ultraviolet or other frequency range. 

[0060] While the laser cavity 540 is operating above the lasing threshold, an optical 
signal is received 410 at input 512 and propagates 420 through the VLSOA 500 along the 
20 amplifying path 530. As the optical signal propagates through the active region 504, the optical 
signal is amplified 440 by a gain multiplier due to stimulated emission of additional photons. 
The gain multiplier is substantially constant (i.e., independent of the amplitude of the optical 
signal) because the laser radiation produced by laser cavity 540 acts as a ballast to prevent gain 
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saturation. That is, when the optical signal is weaker, fewer additional photons are stimulated by 
the optical signal, but more laser radiation is generated. But when the optical signal is stronger, 
more additional photons are stimulated by the optical signal, but less laser radiation is generated. 
Typically, the value of the constant gain multiplier is inversely proportional to the loss of the 
cavity mirrors 506 and 508. For example, ignoring internal loss, if a 0.2% mirror loss (99.8% 
reflectivity) results in a gain of 10 dB (10 times), then a three times larger 0.6% loss (99.4% 
reflectivity) would result in a roughly three times larger logarithmic gain of 30 dB (1000 times) 
for otherwise identical VLSOAs 500. The amplified signal exits the VLSOA 500 at output 514. 

B. VLSOA Output Power Monitor and Control 
[0061] The following description describes the power monitor and control in 

relation to a VLSOA. However, the invention may also be used in relation to horizontal, 

longitudinal and other types of lasing SOAs as understood by those skilled in the art. 

[0062] FIG. 6 illustrates an embodiment of a power monitor according to the 

present invention. A VLSOA 600 has an input 650, an output 665, and a ballast laser signal 

emitting surface 670. As previously described, an optical signal enters the VLSOA 600 via input 

650 and is amplified. During this amplification, the VLSOA 600 emits a ballast laser signal that 

acts as a ballast with respect to the amplification process resulting in a clamped gain across the 

VLSOA 600. This ballast laser signal is emitted through a surface 670 on the VLSOA 600. The 

intensity of emitted ballast laser signal relates to the level of amplification on the optical signal. 

Specifically, as the level of amplification on the optical signal increases, the intensity of the 

ballast laser signal decreases. The intensity of the ballast laser signal may vary across the ballast 

laser signal emitting surface 670 as the power level of the optical signal is amplified as it 

propagates along an amplification path within the VLSOA 600. This relationship between the 
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power level of the optical signal within the VLSOA 600 and the intensity of the ballast laser 
signal allows the output power of the VLSOA 600 to be identified. Additionally, the emitted 
ballast laser signal may be used to identify when the VLSOA 600 is saturated or approaching 
saturation. For example, the VLSOA 600 becoming saturated results in extinguishing ballast 
laser light within the laser cavity of the VLSOA 600 causing the intensity of the emitted ballast 
laser light to go to a small magnitude (e.g., zero). 

[0063] A detector 660 is coupled proximate to the ballast laser signal emitting 
surface 670 so that it can convert the ballast laser signal to an electrical signal. According to one 
embodiment, shown in Fig. 6, the detector 660 is coupled to the ballast laser signal emitting 
surface 670. This coupling may be done by integrating the detector 660 directly onto the ballast 
laser signal emitting surface 670. The detector 660 converts the ballast laser signal to an 
electrical signal. Examples of the detector 660 include both a PIN diode and an avalanche 
photodiode. The detector 660 is also coupled to a power monitor 657 via line 620 on which the 
electrical signal travels. 

[0064] The power monitor 657 receives the electrical signal from the line 620 in 
order to determine whether the VLSOA 600 is saturated or approaching saturation. According to 
one embodiment, the power monitor 657 includes a comparator that identifies when the intensity 
of the ballast laser signal is very small (e.g., approximately zero) indicating that the VLSOA 600 
is saturated. An example of a comparator is a bistable circuit such as a Schmitt trigger that will 
generate a positive output when the power level drops below a particular threshold. This 
threshold may be set to trigger the Schmitt trigger when the VLSOA 600 is approaching 
saturation (i.e., when the intensity level of the ballast laser signal is small) or when the VLSOA 
is saturated (i.e., when the intensity level of the ballast laser signal is negligible or zero). 
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According to this embodiment, after the threshold is crossed, the power monitor 657 signals a 
pump source 610 to increase the output power on the VLSOA 600 to avoid saturation. 
Alternatively, an analog feedback loop with appropriate feedback compensation for specific 
network switching transients can be employed. 

[0065] The pump source 610 is coupled to the power monitor via line 625 and to 
the active region within the VLSOA. Examples of pump sources include current, voltage, and 
power sources. The pump source 610 provides an electrical pump current that pumps the active 
region so that the laser cavity surrounding the active region operates above a lasing threshold. 
Specifically, the electrical pump current creates electron-hole pairs within the active region that 
provide energy that will be used in amplifying the optical signal. If this electrical pump current 
is increased, then the rate at which electron-hole pairs are created within the active region 
increases. Comparatively, if the electrical pump current decreases, then the rate at which 
electron-hole pairs are created decreases. 

[0066] The pumps source 610 adjusts the electrical pump current level in response 
to the power monitor 657 to protect against the VLSOA 600 saturating. In one embodiment, the 
electrical pump current increases as the VLSOA 600 begins to approach saturation. The power 
monitor 657 identifies if the VLSOA 600 is approaching saturation by comparing the electrical 
signal on line 620 to a threshold value. In response to this threshold value being crossed, the 
pump source 610 increases the electrical pump current. The increase in the electrical pump 
current produces electron-hole pairs within the active region at a faster rate. As a result, the 
saturation level of the VLSOA 600 and the corresponding output power increase. In the analog 
feedback loop, one can talk about a small, delta-change, from the ideal output power and the 
resulting small changes in pump current to compensate. Pre-emphasis or de-emphasis can be 



23 



21 1 53/06421/DOCS/12 1 8246.2 



employed in the frequency response of the loop to handle network conditions. Additionally, 
diodes or other nonlinear response elements can be used to tailor the response as needed in 
network conditions. All of the elements can be employed with traditional analog or digital signal 
processing methods including microprocessors. The feedback loop response elements can also 
be included in the alarm system as well as microprocessors. 

[0067] A second embodiment operates to bring a VLSOA 600 out of saturation. In 
this embodiment, the power monitor 657 determines if the electrical signal level on line 620 is 
approximately zero. A very small or non-existent electrical signal indicates that the VLSOA 600 
is saturated. In response, the pump source 610 increases the electrical pump current which 
increases the VLSOA 600 saturation level and corresponding output power. 

[0068] Thus, the present invention dynamically adjusts the electrical pump current 
according to the amplification of the optical signal. Additionally, the present invention provides 
network designers and managers an efficient way to adjust optical amplifiers as networks are 
scaled. 

C. Saturation Protection for VLSOA 

[0069] The following embodiment is a feed-forward architecture. Feedback 
architectures are equally possible. Fig. 7 illustrates another embodiment of VLSOA output 
power monitor and control according to the present invention. A first VLSOA 705 has an input 
710 and amplifies an optical signal in the manner described above. A ballast laser signal is 
emitted from the first VLSOA 705 during this amplification process. A detector 725 is 
positioned to receive the ballast laser signal. The detector 725 may include a PIN diode or 
avalanche photodiode. In this example, the detector 725 is integrated on a ballast laser emitting 
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surface of the first VLSOA 705, and converts this ballast laser signal to an electrical signal. This 
electrical signal is then transmitted to a power monitor 750 via line 712. 

[0070] The power monitor 750 uses the electrical signal on line 712 to determine 
whether the first VLSOA 705 is approaching saturation or is currently saturated. In one 
embodiment, the power monitor 750 comprises a comparator (e.g., a Schmitt trigger or an analog 
comparator is fine as well. Once again, frequency compensation elements can be employed. 
These elements can either be pure analog or accomplished by digital signal processing methods) 
that identifies when the electrical signal on line 712 drops below a particular level indicative of 
the first VLSOA 705 approaching saturation or already being saturated. The power monitor 750 
transmits a signal on line 752 to the pump source 755 that indicates that the first VLSOA 705, or 
the last VLSOA 720, or any other part of the network is in danger of saturating or is already 
saturated. 

[0071] The pump source 755 is coupled to the power monitor 750 via line 752 and 
to a second VLSOA 720 vial line 730. The pump source 730 controls the saturation level of a 
second VLSOA 720 by adjusting the rate at which an active region within the second VLSOA 
720 is pumped. This configuration allows the second VLSOA 720 to avoid saturation by 
increasing the rate of the pump source 755 in response to the detected power level on the first 
VLSOA 705. According to this embodiment, the output of the first VLSOA 705 is coupled to an 
input on a buffer 715 via line 707. This buffer 715 functions to delay the optical signal a 
sufficient period of time so that the power monitor 750 and pump source 755 may adjust the 
output power of the second VLSOA 720 according to the power level on the first VLSOA 705. 
Additionally, this buffer can be replaced or augmented by a variable optical attenuator (VOA), or 
tunable gain VLSOA or tunable gain OA of another sort and the control signal 730 or 752 can be 
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used to control these elements to adjust the signal level to a constant level that prevents 
saturation of the last VLSOA 720 or any other part of the network. 

[0072] An optical buffer, as described, may be replaced by an optically transparent 
buffer such as an optical fiber or delay line. Furthermore, if the response times of the 
feedforward circuits are fast enough, then few bits will be lost. In particular, the speed of these 
circuits is defined as a rate at which a pertubation is switched into the system; it is unlikely to be 
at the bit rate unless applied to packet switched networks. In such an instance, one may allow a 
pulse-modulated train of bits to slowly build up intensity. 

[0073] The second VLSOA 720 provides a layer of protection against saturation 
because the rate at which the active region within the second VLSOA 720 is adjusted according 
to power level detection of the amplified optical signal transmitted from the first VLSOA 705. 
As a result, amplifier saturation related problems such as crosstalk within the optical signal may 
be avoided. Also, the power level on the amplified signal is detected without actually tapping 
the signal so that traditional detection losses are avoided. 

D. Monitor and Control of Output Power for Multiple VLOAs 
[0074] Fig. 8 illustrates a centralized power output monitor and control for multiple 

VLSOAs within multiple paths 803, 804 according to the present invention. Fig. 8 shows two 

paths comprising at least two VLSOAs 805, 810, 815, 820 in each path. A first path 803 

comprises a first VLSOA 805 coupled to a second VLSOA 810. A first detector 807 is 

positioned proximate to the first VLSOA 807 so that a ballast laser signal from the first VLSOA 

805 may be detected. A second detector 812 is positioned in a similar manner in relation to the 

second VLSOA 810. The first detector 807 is coupled to a central power monitor 825 via line 

835(a) and the second detector 812 is coupled to the central power monitor 825 via line 835(b). 
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[0075] A second path 804 also comprises a third VLSOA 8 1 5 and a fourth VLSOA 
820. A third detector 817 is positioned proximate to the third VLSOA 815 so that a ballast laser 
signal from the third VLSOA 815 may be detected. A fourth detector 822 is positioned in a 
similar manner in relation to the fourth VLSOA 820. The third detector 815 is coupled to the 
central power monitor 825 via line 835(c) and the fourth detector 822 is coupled to the central 
power monitor 825 via line 835(d). 

[0076] The central power monitor 825 may be an analog or digital circuit that 
monitors each of the VLSOAs via a corresponding line 835 from a particular detector. The 
central power monitor 825 is coupled to a pump source 830. The pump source 830 is coupled to 
each VLSOA and, in particular, to an active region within each VLSOA. For example, the pump 
source 830 is coupled to the first VLSOA 805 and, in particular, to an active region within the 
first VLSOA 805 via line 835(a). This embodiment centralizes power output control at a single 
point on a chip resulting in easier maintenance and more available space for other components. 

[0077] The central power monitor 825 identifies whether a VLSOA is approaching 
saturation or is saturated by monitoring the signal lines 835 from each of the detectors. One 
particular embodiment of the central power monitor 825 comprises a plurality of comparators 
where a particular comparator monitors a particular VLSOA. The central power monitor 825 
transmits a signal to the pump source 830 when a particular VLSOA is saturated or approaching 
saturation. The pump source 830 increases the rate at which the active region within the 
particular VLSOA is pumped via a particular line 840. For example, the central power monitor 
825 may identify the first VLSOA 805 as being saturated. This information is transmitted to the 
pump source 830 via line 850. In response, the pump source 830 increases the rate at which the 
active region within the first VLSOA 805 is pumped. This increase raises the saturation level of 
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the first VLSOA 805 and hinders saturation. As a result, the first VLSOA 805 is capable of 
providing a higher output power level. Additionally, as stated before, a VOA, or tunable gain 
element can be inserted between the two VLSOAs in each path and can be controlled to keep the 
power levels below saturation within or external to the optical amplifier sub-assembly. 

E. Method for Monitor and Control of VLSOA Output Power 
[0078] Fig. 9 is a flowchart that illustrates a method for monitoring and controlling 

the output power and saturation level of a VLSOA according to the present invention. As 

described above, a lasing SOA (e.g., vertical, horizontal or longitudinal) emits 905 a ballast laser 

signal during amplification of an optical signal. The intensity of the ballast laser signal relates to 

the power level of the optical signal within the lasing SOA. This ballast laser signal from the 

lasing SOA is converted 910 to an electrical signal. Because of this conversion, the levels on 

this electrical signal relate to the power levels on the optical signal. In one embodiment, the 

level on the electrical signal is approximately inversely proportional to the power levels on the 

optical signal. 

[0079] Using this electrical signal, the output power on the lasing SOA is identified 
915. In one embodiment, a lasing SOA that is either saturated or approaching saturation is 
identified by its corresponding power output. In response to identifying the lasing SOA power 
output, the rate at which an active region within lasing SOA is pumped may be adjusted 920. 
For example, a lasing SOA that is saturated or approaching saturation requires that the pumping 
rate of its active region increase. This rate increase provides a faster generation of electron-hole 
pairs within the active region which increases the saturation level of the lasing SOA. As a result 
of this saturation level increase, the available output power of the lasing SOA increases as well. 
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[0080] 



This process provides a layer of protection against saturating a lasing optical 



amplifier. This protection reduces the likelihood of crosstalk and other negative effects of 
saturated optical amplifiers. Additionally, this method provides a network power monitoring 
system that enhances the ability of a network manager to manage a network. For example, 
5 occurrences such as component failure and traffic congestion may be identified within a network 
as a result of this method. 

[0081] While the present invention has been described with reference to certain 
embodiments, those skilled in the art will recognize that various modifications may be provided. 
For example, various other types of lasing semiconductor optical amplifiers maybe used in 



00 replace of a VLSOA within the above-described embodiments. These lasing semiconductor 



W optical amplifiers include longitudinal lasing semiconductor optical amplifiers and transverse 

lasing semiconductor optical amplifiers. Furthermore, it is important to note that all of the above 
p § monitoring techniques and sub-systems may be monolithically integrated onto a single substrate 

til- - 

q or integrated with various techniques including, but not limited to, photonic integrated circuit 

P' 

Q5 platforms in silicon or other substrates, bump solder-bonding, wafer fusion bonding, or any other 
means of integration. Variations upon and modifications to the embodiments are provided for by 
the present invention, which is limited only by the following claims. 
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